ABSTRACT The electron spin resonance spectra of 1-myristoyl-2-[n-(4,4-dimethyloxazolidine-N-oxyl)myristoyl]-sn-glycero-3-phosphocholine spin-label positional isomers (n = 6, 10, and 13) have been studied in oriented, fully hydrated bilayers of dimyristoylphosphatidylcholine, as a function of temperature and magnetic field orientation. The spectra have been simulated using a line-shape model which incorporates chain rotational isomerism, as well as restricted anisotropic motion of the lipid molecules as a whole, and which is valid in all motional regimes of conventional spin-label electron spin resonance (ESR) spectroscopy. At least one component of the lipid motion is found to lie in the slow-motion regime for all label positions, even in the fluid liquid crystalline phase, well above the phase transition. In the gel phase, the chain isomerism lies in the slowmotional regime, and the overall motions are at the rigid-limit. In the fluid phase, the chain isomerism is in the fast-motional regime, and the chain axis motions are in the slow regime.
dimethyloxazolidine-N-oxyl)myristoyl]-sn-glycero-3-phosphocholine spin-label positional isomers (n = 6, 10, and 13) have been studied in oriented, fully hydrated bilayers of dimyristoylphosphatidylcholine, as a function of temperature and magnetic field orientation. The spectra have been simulated using a line-shape model which incorporates chain rotational isomerism, as well as restricted anisotropic motion of the lipid molecules as a whole, and which is valid in all motional regimes of conventional spin-label electron spin resonance (ESR) spectroscopy. At least one component of the lipid motion is found to lie in the slow-motion regime for all label positions, even in the fluid liquid crystalline phase, well above the phase transition. In the gel phase, the chain isomerism lies in the slowmotional regime, and the overall motions are at the rigid-limit. In the fluid phase, the chain isomerism is in the fast-motional regime, and the chain axis motions are in the slow regime.
This indicates that the commonly used motional-narrowing theory is not appropriate for the interpretation of spinlabel spectra in biological membranes. The simulation parameters yield a consistent description for the chain order and dynamics for all label positions. The correlation times and order parameters for the overall motion are the same at all positions down the chain, whereas the chain conformation and trans-gauche isomerism rate display a characteristic flexibility gradient, with increasing motion towards the terminal methyl end of the chain. Significantly, it is found that all six distinct tetrahedral orientations of the hyperfine tensor at the labeled segment are required for a consistent description of the chain isomerism. For the C-6 segment only the 00 (trans) and two 600 (gauche) orientations are significantly populated, for the C-10 position two further 600 orientations are populated, and for the C-13 position all orientations have nonvanishing populations. Detailed comparisons have been made with the results of 2H nuclear magnetic resonance (NMR) measurements on dimyristoylphosphatidylcholine labeled at the same position in the sn-2 chain, and using an identical motional model. The parameters of overall reorientation, both order parameter and correlation times, have very similar values as determined by ESR and NMR. The major difference between the results from the two methods lies in the conformational populations at the labeled chain segment and the trans-gauche isomerization rate in the gel phase. The conformational order is much lower for the spin-labeled chain segments than for the corresponding deuteriumlabeled segments, and the isomer interconversion rates in the gel phase (although displaying a mobility gradient in both cases) are found to be much slower in the former case. In addition the spin-label measurements provide information on the macroorder (chain tilt), which is only available from oriented samples. These results are consistent between the different spinlabel positions and are in agreement with the findings from x-ray diffraction.
INTRODUCTION
A fluid lipid environment is essential for many critical membrane functions. Much information on the underlying molecular dynamics has been obtained from the study of lipid bilayer model membranes. The entropy changes taking place at the gel-to-fluid phase transition in lipid bilayers indicate that the molecular basis of the membrane fluidity is rotational isomerism in the lipid hydrocarbon chains (see, e.g., reference 1). Magnetic resonance and diffraction methods have indicated that the cumulative effect of rotational isomerism results in a characteristic flexibility gradient and a progressive chain shortening on proceeding down the length of the chain from the polar headgroup region to the terminal methyl groups (2) (3) (4) (5) . In addition to segmental motion, overall angular fluctuations may also take place, as well as rotations about the long axis of the lipid molecules. All of the abovementioned angular rotational motions have been detected, or at least hinted at, by magnetic resonance spectroscopy (see, e.g., references 2, 3, 6, and 7). Chain rotational isomerism and limited angular fluctuations within an orienting potential are also common features of many of the statistical mechanical bilayer models used to interpret the thermodynamic and dimensional properties of lipid bilayers (reviewed in reference 1).
A detailed description of any aspect of the lipid molecular dynamics requires a comprehensive motional model to interpret the data from the magnetic resonance spectroscopic methods. To a certain extent this has already been undertaken in the analysis of 2H nuclear magnetic resonance (NMR) (7, 8) , and also of spin-label electron spin resonance (ESR) (6, 9, 10) , for labeled lipid molecules. The purpose of the present paper is first to extend our previous measurements (6) [11] [12] [13] .
A consistent description of the data from the different positions of chain labeling requires that the parameters governing the intermolecular motion of the lipid molecules, both long axis rotation and fluctuation, should be independent of the chain segment position. To do this it is found necessary to introduce the full set of six distinct orientations for any spin-labeled segment. In previous work, on the C-6 segment, it was found sufficient to include only three orientations, which minimally require one bond rotation (6) . A particularly significant new result of the present work is that the flexibility gradient is found to arise not simply from an increase in the gauche probability, but also from population of the other allowed orientations (corresponding minimally to two bond rotations), on proceeding to segments closer to the terminal methyl end of the chain. This study therefore provides direct experimental evidence for the existence of these additional conformations in fluid lipid bilayers.
THEORY
Analysis of the ESR spectra of the spin-labeled phospholipid was achieved by using the density matrix formalism, outlined elsewhere (6). Here we summarize important features of this treatment and introduce the simulation parameters. The basis of our model is the stochastic Liouville equation (14, 15) p(Q,t) -r.[p(Q,t) -peq(f)], (1) which we solve using a finite grid point method (16, 17) . Here p(Q,t) represents the spin density matrix and 7P (Q) is the Hamiltonian superoperator of the spin-labeled phospholipid, depending on the orientation and conformation of the molecule, specified by the Euler angles Q. rn is the time-independent Markov operator for the various motional processes and pq(Q) is the equilibrium density matrix.
The model accounts for the entire dynamic range, including the slow-motional regime, where the conventional Redfield theory (18) no longer applies. The lineshapes are calculated from a spin Hamiltonian, which considers Zeeman and hyperfine interactions of nitroxide radicals, including pseudosecular contributions (19, 20) . No adiabatic approximation is applied.
The Markov operator r1 includes both intermolecular and intramolecular motions. The intermolecular motion is the motion of the lipid molecule as a whole. It is assumed that the diffusion tensor undergoes anisotropic rotational diffusion within an orienting potential (6, 19) . The intramolecular motion consists of trans-gauche isomerization, which is represented by a jump process (6, 21) . Employing established kinetic schemes, outlined elsewhere (6), the dynamics of the system can thus be characterized by three correlation times: TRII and TRR for rotation about the principal diffusion tensor axis and rotation of this axis, respectively, and rj (average residence time in one conformation) for trans-gauche isomerization.
The equilibrium distribution of the lipid molecules is described in terms of internal and external coordinates. The internal part accounts for different conformations and the external part for different orientations. According to the isomeric state model (21) , there is only a finite number of conformational states for each nitroxidelabeled segment. Straight-forward calculation, employing rotation matrices (23), yields six allowed orientations for the magnetic tensor, defined by the NO group of the oxazolidine ring (see Fig. 1 Fig. 2 ). The configurations for the two bonds immediately preceeding and immediately succeeding the labeled segment are: tttt, tg*tg', g'tg't, and g+g+g+t for the segmental orientations K 1, K2, 3, K4, 5, and K6, respectively.
can be written as t(1/TT) jj decreases with increasing temperature to a limiting value of (1 /T°)1j = 0.09 mT for 6-and 10-DMPCSL and to a limiting value of (1/T')ij -potential such as is common in molecular theories of liquid crystals (24) . The orientational distribution function, given elsewhere (6, 7, (25) (26) (27) , is assumed to be axially symmetric and depends on only three parameters, A, bmin, and imaX* The coefficient A characterizes the orientation of the order tensor axis Z with respect to a local director z' (net ordering axis), while the parameters min and bmax specify the orientation of the director axes in the sample system, defined by the glass plate normal z" (see Fig. 2 ). It should be noted, that the orientational order parameter, Szz, is related to the coefficient A by a mean value integral (28):
The microorder of the phospholipid molecules is thus specified by the orientational coefficient A plus the conformational populations nl, n2, and n4, while the macroorder is specified by the values of bmin and bmax, characterizing the director distribution (6nin < 6 < bm,,)-
In unoriented samples, the director axes z' are randomly distributed between 6min = 00 and 6max = 1800. In macroscopically ordered samples, however, z' may be partially aligned, assuming a fixed tilt angle (6min = bmax =: 6) relative to the glass plate normal z" (see Fig. 2 ). Lp, phases (3,888 grid points, TR' = TRI > 100 ns, rj = 4 ns). Table 1 summarizes the constant parameters used in the calculations. The magnetic parameters were obtained from a detailed analysis of fast-motional and rigid-limit spectra (6) . Note that the residual line width / T°(isotropic) accounts for unresolved proton hyperfine interactions, omitted in the spin Hamiltonian. No Gaussian convolution was used in the spectral simulations.
MATERIALS AND METHODS

Materials
The orientation of the order and diffusion tensor axes is suggested by the geometry of the spin-labeled lipid. We assume that the order tensor is axially symmetric along the phospholipid chain axis Z (see Fig. 2 ). This assumption, tested by spectral simulations, reflects the overall shape of the molecule, which is also expected to exhibit axially symmetric rotational diffusion about the Z axis. The magnetic tensor, defined by the NO group of the oxazolidine ring, may assume six different orientations, relative to the diffusion tensor (see Fig. 1 ). The Euler angles fK, OK, and A,K characterizing these orientations are also listed in 
RESULTS
Macroscopically aligned samples of DMPC multibilayers were studied over a wide temperature range (20C < T< 500C) using three different phospholipid spin-labels. Typical ESR spectra, which vary pronouncedly with label position, temperature and orientation of glass plate normal and magnetic field, are shown in Figs. 3-5. These characterize the liquid-crystalline, La (Fig. 3) , intermediate, Pa, (Fig. 4) , and gel, Lp, phases (Fig. 5) of the phospholipid membrane.
Calculated line-shapes were fitted to the experimental ones by employing the model outlined above. Note that exactly the same analysis was done on the ESR spectra as previously done on the NMR data (7, 33 Simulation parameters are those given in Tables 1-3 and Figs. 6-8. Tables 1-3 and Figs. 6-8. fits, based on the parameters of Tables 1-3 and Figs. 6-8. The agreement between experimental and calculated spectra is good. It can be improved slightly by adding spectra, to account for the <5% of unoriented material. This relatively low amount justifies the technique employed for sample preparation (25) .
Note the large changes of line-shape and hyperfine anisotropy with label position for any given temperature. Whereas spectra of 6-DMPCSL show large anisotropies and appreciable slow-motional contributions in the L,:
phase, spectra of 10-DMPCSL and 13-DMPCSL exhibit smaller angular dependence and sharp lines. These experimental features are unequivocal manifestations of the flexibility gradient and need to be explained in terms of molecular order and dynamics of the bilayer membrane.
The parameters characterizing the macroorder (i.e., director orientation) of the multibilayers (see Table 2 ) are found to be the same as in previous studies (6, 25 (7, 26, 33) are also plotted in these graphs. In the following we describe the results in more detail, treating molecular order and dynamics separately.
Motional correlation times
The correlation times TrR, TR, and Tj refer to chain rotation about the diffusion tensor axis Z, reorientation of this axis, and trans-gauche isomerization, respectively.
Logarithmic plots of these correlation times vs. 1 / T give straight lines (see Fig. 6 ). From the Arrhenius plots we obtain the activation energies of the various motions, listed in Table 2 . (33) .
At the main transition, the correlation times for all three motions decrease significantly. On the ESR time scale, TRI and rR, are now in the rigid-limit and cannot be determined anymore. From 2H-NMR studies of the Pp. phase, the correlation times for chain rotation and chain fluctuation are found to range from 500 ns _ TRI -1,020 ns and from 8 ,ts _ 1R-- 15.5 ,us, practically independent of 2H label position (7, 33) . This is consistent with the ESR result.
The only dynamic process, affecting the ESR lineshape in the Py phase, is trans-gauche isomerization with correlation times Tj of 4.3, 2.0, and 0.5 ns for the C-6, C-10, and C-13 segment, respectively, at 180C. Indeed these correlation times can now be determined precisely from simulations of the ESR line-shape. The maximum error for the conformational lifetimes is <10%. In comparison, correlation times for trans-gauche isomerization from 2H-NMR experiments are found to be rj = 36 ps, Tj = 22 ps, and Tj = 14 ps at 180C, respectively (33) . It appears that intramolecular motion of the nitroxidelabeled lipid is slowed down considerably when compared to the pure system.
For trans-gauche isomerization, no significant discontinuity in motional rates is found at the pretransition with either method (ESR or NMR) when the experiment is performed without prior incubation at OOC for several days (cf. reference 34). The correlation times Tj of the nitroxide-labeled lipid amount to 8, 4, and 1 ns for 6-DMPCSL, 10-DMPCSL, and 13-DMPCSL at 80C, respectively. They are at least two orders of magnitude slower than those deduced from 2H-NMR studies (33) . From analysis of biradical ESR and 2H-NMR spectra, it was found that the system is heterogeneous in the Po, phase as two different components are observed (7, 25, 26) . Appropriate simulation of these components in the 2H-NMR spectra is only possible with different order parameters of Szz _ 0.6 and Szz _ 0.9, corresponding to those determined in the La and Lo, phases, respectively.
Consideration of this heterogeneity provides good spectral fits for the ESR spectra, discussed in this paper. In the Lo, phase, we observe only a minor temperature dependence of the chain order parameter Szz, approaching a value close to unity at T 0°C. Generally, there is good agreement between orientational order parameters from spin-label ESR and 2H-NMR studies (see Fig. 7 ). This, however, does not apply to the segmental order parameters Sz,z7 at the various chain positions, although in both cases the gauche probability increases towards the end of the chain, resulting in a significant decrease of Sz,z'. In the La phase (T = 400C), the segmental order parameters from spin-label ESR are Szz = 0.54, Szz = 0.34, and Sz z = 0.17 at the C-6, C-10, and C-13 segment, respectively. In contrast, 2H-NMR studies yield substantially higher values at the corresponding positions (7, 33) , namely Sz'z, = 0.74, Szz = 0.56, and Szz = 0.35 (T = 400C). In addition, the segmental order parameters from 2H-NMR exhibit a more pronounced temperature dependence than those from ESR (see Fig. 8 ). Table 3 summarizes the parameters, characterizing the order gradient in the La phase, i.e., the conformational populations nl, n2 . . . n6, the segmental order parameter Szz, and the orientational order parameter Szz. The maximum error for both types of order parameters is generally <6%. The results are compared with a corresponding analysis of the 2H-NMR of DMPC bilayers labeled at the same methylene segments (7, 33) . Inspection of Table 3 reveals that the parameters governing orientational order are in good agreement, whereas the segmental order parameters differ significantly. The segmental motion has activation energies which are comparable to the barrier height for trans-gauche isomerism (1), whereas the activation energies for the overall lipid motion are two to three times greater. The small increase in EJ from the C-13 to the C-6 position most probably reflects the prevalence of coupled rotations, as opposed to isolated bond rotations, for the chain segments closer to the polar group region. The activation energies for chain rotation (ERI) and for chain fluctuation (ER-) given in Table 2 are necessarily equal, because of the constant anisotropy ratio TR!/TRI determined previously (6) . The discrimination between the inter-and intramolecular motions is also seen in the temperature dependence of the order parameters (Figs. 7 and 8 ), which is much greater for the intermolecular case. The temperature dependence of the segmental order parameter is essentially determined by the energy difference between the trans and gauche conformations of -0.5 kcal/mol (1), whereas that of the orientational order parameter is determined by the orientational potential (see Eq. 3).
To obtain a consistent interpretation of the data from the label positions closer to the terminal methyl end of the chain, it is necessary to take into account all the distinct orientations which the nitrogen hyperfine tensor of the labeled segment may take up. For sp3 bond symmetry, these correspond to the edges of a tetrahedron, as indicated in Fig. 1 . There are 12 distinct orientations in all, allowing for the two opposing directions along each axis. But only six need to be considered, since magnetic resonance spectra are not able to distinguish the two sets of opposing orientations. The first three conformational orientations in Fig. 1 are generated essentially by a rotation about only the C-C bond immediately adjacent to the chain segment. KI has a trans conformation, and K2, K3 have qauche' conformations, about this bond. In (33) . 1The numbers denote the six distinct orientations of the nitrogen hyperfine tensor, according to the isomeric state model (22, 23) .
IThe segmental order parameter Sz.z expresses the ordering of the most ordered segmental axis Z' with respect to the order tensor axis Z; the orientational order parameter Szz characterizes the average orientation of Z with respect to the director z' (see Fig. 2 ).
11The numbers denote the four distinct orientations of deuteron quadrupole coupling tensor, according to the isomeric state model (7, 22) . The results of the simulations show that only the first three configurations (K1-K3), which require only a single rotation immediately preceeding the segment, are appreciably populated at the C-6 segment. At the C-10 segment, the two conformations K4 and K5, which require rotations about the two bonds immediately preceding the segment, are additionally populated. Only at the C-13 segment is the K6 conformation, which not only requires two rotations but also requires both to be gauche, appreciably populated. Thus the flexibility gradient involves an increasing probability of gauche conformations on proceeding down the chain from the polar interface. This is demonstrated by the fact that the probability for a gauche conformation occurring two bonds ahead becomes non-zero on going from the C-6 to the C-10 segment. An additional contribution to the flexibility gradient is the non-vanishing probability for adjacent gauche conformations, which occurs only very close to the terminal methyl end of the chain, i.e., at the C-13 segment, here.
Apparently, there is an order or flexibility gradient along the chains for both the nitroxide-and deuteriumlabeled membranes. Table 3 summarizes the results for the C-6, C-10, and C-13 segments, respectively. Note that the populations nl-n6 and nl-n4' of all conformational states, accessible at a particular segment, are presented. Interpretation of these chain segment conformations in terms of statistical mechanical models is a challenging theoretical problem (35) (36) (37) (38) .
Comparison of the ESR and the NMR data reveals that the spin-label spectra faithfully reflect the overall motion of the lipid molecules. This is true both for the intermolecular dynamics (Fig. 6 ) and for the orientational order (Fig. 7) . The segmental motion is very different, however, for the spin-labeled and deuteriumlabeled chains (Figs. 6 and 8) . Because the nitroxide and CD-bond axes are differently oriented, they transform differently with the various chain conformations and reflect different elements of the conformational order (7, 39) . For this reason, the segmental ordering tensor has been evaluated in both systems. This then affords a relatively direct comparison between the two sets of data. As found previously for the C-6 segment, the segmental order is considerably lower for the ESR label than for the NMR label at all three chain positions. The origin of this difference is almost certainly a local distortion of the chain conformation at the position of the nitroxide group, for the same reasons as those advanced in the discussion of the C-6 data (6, 40) . Thus the ESR spectra directly reflect the motions of the whole molecule, but only indirectly those of the chain conformations.
Use of oriented samples allows one to specify the macroorder of the lipid molecules (i.e., director axis distribution), relative to the bilayer normal. Identical values are obtained at all label positions in the chain, thus further substantiating the model used for the spectral simulation. A fixed tilt is observed in the gel phase, a distribution of tilt angles is found in the intermediate phase, and no net tilt is detected in the fluid phase. As discussed previously (6), these results are quantitatively in agreement with the values obtained from x-ray diffraction in the gel and intermediate phases (4, 5) . Spin-label ESR has the additional advantage over x-ray diffraction, that data may also be obtained from the fluid phase.
CONCLUSIONS
In summary, a consistent description has been obtained of the ESR spectra from lipids labeled at different positions in the hydrocarbon chain, using a model which includes whole-body motions and chain isomerism. To interpret results from label positions closer to the terminal methyl group of the chains, it is necessary to introduce the complete set of six independent orientations of the hyperfine tensor, and not simply the three isolated trans and gauche conformers. All these different conformations are allowed on theoretical grounds, and the magnetic resonance experiments reported here provide direct evidence for their presence in fluid lipid bilayers. The overall lipid motions lie in the slow to intermediate regime of conventional ESR spectroscopy and thus can be characterized relatively precisely by spectral simulations. These results are in good agreement with those obtained from 2H-NMR spectroscopy, for which these motions are in the fast regime. The segmental motions are sensitive to the local distorting effect of the nitroxide ring, but nonetheless provide an empirical means of characterizing the chain flexibility gradient. As in undistorted membrane systems, there is a strong decrease of the segmental order on going down the chain from the polar interface. Close to the terminal methyl end all conformational states of the nitroxide-labeled segment are almost equally populated, giving rise to sharp angular-independent ESR lines. These results are of direct relevance to the interpretation of spin-label ESR spectra from more complex membrane systems such as lipid-protein recombinants, and combined with the NMR results provide fundamental data for the construction of statistical mechanical models of the lipid bilayer.
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